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Superconducting states with broken time reversal symmetry are rarely found in nature. Here we predict that
it is inevitable that the the time reversal symmetry is broken spontaneously in a superconducting Josephson
junction formed by two superconductors with different pairing symmetries dubbed as i-Josephson junction.
While the leading conventional Josephson coupling vanishes in such an i-Josephson junction, the second order
coupling from tunneling always generates chiral superconductivity orders with broken time reversal symmetry.
Josephson frequency in the i-junction is doubled, namely ω = 4eV/h. The result can not only provide a way
to engineer topologically trivial or nontrivial time-reversal breaking superconducting states, but also be used to
determine the pairing symmetry of unconventional superconductors.
PACS numbers: 74.70.Xa, 73.43.-f
Introduction—Van der Waals (vdW) Josephson junction[1],
which is contacted by two close-by superconducting (SC) lay-
ers by vdW forces, has been realized in layered dichalco-
genide superconductors recently[1, 2]. This provides a plat-
form to investigate the properties of two SC layers with dif-
ferent pairing symmetries forming in the junction. In general,
the physics of the junction is controlled by the relative phase
between the two SC order parameters, ∆θ. In a conventional
Josephson junction which is formed by two s-wave SC lay-
ers, ∆θ is typically zero in the absence of external or inter-
nal magnetic fields. It can be turned to nonzero by magnetic
fields that break the time reversal symmetry of the system ex-
plicitly. However, in the unconventional Josephson junction,
∆θ can be nonzero in the ground state without external nor
internal magnetic fields[3–5]. A special case ∆θ = ±pi/2,
which breaks time-reversal symmetry, is called chiral SC in
the literature[6].
Superconductors with spontaneously time-reversal symme-
try breaking (TRB) pairing states[7–15] have been widely
sought. The most intriguing property of a TRB SC is the non-
trivial topology, namely, a TRB SC can be a topological super-
conductor (TSC)[16–19], e.g. topological p + ip[20–22] and
d + id[23–28] superconductors. The former p + ip TSC can
be realized in many spin-orbital coupling systems[22, 29–37],
while the latter d+ id TSC has only been proposed in honey-
comb lattice systems[38], such as doped graphene[24, 28, 39–
41], single TiSe2 layer[42] and bilayer Silicene[25]. Al-
though the d + id TSC exhibits many interesting phenom-
ena, such as quantized boundary current[23, 28], sponta-
neous magnetization[23, 43], quantized spin and thermal Hall
conductance[28, 43], and geometric effects[44], there is no
strong experimental evidence to support the presence of this
chiral SC state.
Here, we ask whether a TRB SC can be spontaneously
formed in a vdW Josephson junction. We show that the TRB
takes place spontaneously in this Josephson junction formed
FIG. 1: (color online). The sketch of a vdW Josephson junction with
two SC layers having two different pairing symmetries, e.g. dx2−y2
and dxy .
by two SC layers with different pairing symmetries as illus-
trated in FIG. 1. For example, a d + id TRB SC can be en-
gineered in a junction with a dx2−y2 SC layer close to a dxy
one. Furthermore, we prove that this d + id SC constructed
in this way is also a TSC. The junction has a distinct Joseph-
son frequency, ω = 4eV/h, which is twice of the conven-
tional Josephson frequency 2eV/h. We discuss possible ex-
perimental realizations for this type of junctions. The results
can not only help to realize novel SC states and design new
SC qubit devices[45, 46]. but also be used to determine the
pairing symmetry of an unknown SC by the unique feature of
Josephson frequency.
Before we discuss specific models, we first present a gen-
eral argument. Considering a general Bogoliubov-De Gennes
(BDG) Hamiltonian of two SC layers connected through tun-
neling and expanding the free energy up to the fourth order of
the tunneling, the free energy can be generally written as[3–
5, 47]
F = F0 − J cos ∆θ + g cos2 ∆θ, (1)
where the first term is the relative phase independent term,
the second term is the conventional Josephson coupling term
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2FIG. 2: (color online). The sketch of the two layer model and calcu-
lated SC orders from the mean field calculation: (a) two layer t− J
models with the top layer J1 and bottom layer J2; (b) superconduct-
ing orders ∆xy (red arrow) and ∆x2−y2 (blue arrow) as function of
exchange strength J1,2 with other parameters given in the main text.
The magnitudes and phases of pairing orders are represented by the
lengths and directions of the arrows; (c) and (d) show the real and
image parts of dx2−y2 + idxy order in the first layer with J1 = 3.4
and J2 = 3. The Fermi surfaces of the two layer Hamiltonian are
represented by the red dashed lines, which coincide the arcs in BZ.
and the last term can lead to spontaneous TRB. In a conven-
tional Josephson junction, J is positive and much larger than
g so that the third term can be ignored. Here the main find-
ing is when two SC layers in a vdW Josephson junction have
different pairing symmetries, J vanishes and g becomes the
leading coupling from tunneling. Remarkably, g is always
positive[47]. Thus, to minimize the free energy, ∆θ = ±pi/2,
which breaks TRS spontaneously. Such a vdW Josephson
junction is called i-Josephson junction in this paper.
Model—More specifically, the above analysis can be mod-
eled by a two band superconductor in which the two bands
have different SC orders ∆α(k)eiθα and ∆β(k)eiθβ where θα
and θβ are the SC phases. Their relative phase, ∆θ = θβ−θα,
is a physical quantity when the tunneling between two bands
is induced. The general BdG Hamiltonian can be written as
H =
∑
k
Ψ†kH(k)Ψk, (2)
where Ψk = (dk,α,↑, d
†
−k,α,↓, dk,β,↑, d
†
−k,β,↓)
T and H(k) is
defined as
H(k) =

α(k) ∆α(k)e
iθα t(k) 0
∆α(k)e
−iθα −α(k) 0 −t(k)
t(k) 0 β(k) ∆β(k)e
iθβ
0 −t(k) ∆β(k)e−iθβ −β(k)
 .
(3)
The tunneling t(k) is taken to be real, and the eigenvalues of
this Hamiltonian for each k are
E±± = ± 1√
2
√
2α + 
2
β + ∆
2
α + ∆
2
β + 2t
2 ±
√
(2α − 2β + ∆2α −∆2β)2 + 4t2[(α + β)2 + |∆αeiθα −∆βeiθβ |2]. (4)
At zero temperature, the free energy is F =∑
k(E
−+(k) + E−−(k)). We can expand the free en-
ergy up to the fourth order of t(k). The free energy is given
by Eq. (1), in which the parameters can be specified as
J =
∑
k
[t2(k)g1(k) + t
4(k)g3(k)]∆α(k)∆β(k) (5)
g =
∑
k
t4(k)g2(k)∆
2
α(k)∆
2
β(k). (6)
The explicitly form of gi(k) are shown in the Supplemen-
tary Materials. While the functions of gi(k) are very lengthy,
we can analyze their symmetry characters. For convenience,
we consider a square lattice symmetry classified by the C4v
point group. One can notice all the parameter functions ex-
cept ∆i(k) belong to theA1 irreducible representation ofC4v .
Thus, if ∆α(k) and ∆β(k) belong to different irreducible rep-
resentations, namely, they have different pairing symmetries,
the conventional Josephson coupling, J , vanishes because of
the symmetry constraint. Therefore, the ground state is deter-
mined by the sign of g, that is if g > 0, ∆θ = ±pi/2 and if
g < 0, ∆θ = 0,±pi. In the Supplementary Materials, we have
shown the positive natural of g2(k) for all k in the BZ. Thus
the relative phase in the ground state is always ±pi/2.
Mean filed calculation—The above results can be further
examined in a specific model. We consider two layered su-
perconductors to obtain the TRB d + id order. The d-wave
SC state develops naturally if the SC pairing is driven by local
antiferromagnetic fluctuations[48, 49]. Theoretically, we can
use the t − J model to model the d-wave SC state. Follow-
ing the well-known result, we consider the following junc-
tion as illustrated in FIG. 2 (a). The pairing interactions on
each layer are attributed to anti-ferromagnetic exchange in-
teractions Jα. We only consider the nearest neighbor (NN)
exchange J1, and the next nearest neighbor (NNN) J2 in the
3top and bottom layers respectively. Including the tunneling
coupling between the two layers, the overall Hamiltonian can
be written as H = HJ1 +HJ2 +Ht, where
HJα =
∑
k,σ
ξα(k)d
α†
k,σd
α
k,σ +
∑
i,δ=xˆ,yˆ
Jα(~S
α
i · ~Sαi+δ −
1
4
nαi n
α
i+δ),
Ht = t
∑
α,k,σ
d1†k,σd
2
k,σ + h.c..
(7)
Here the tunneling term t is chosen to be real and indepen-
dent of k for simplicity. We also drop the double occupancy
projection operators which is required in the standard t − J
model because the double occupancy projection in the mean
field level can be treated as an overall renormalization factor
to the band dispersion[50, 51]. Therefore, it does not affect
the qualitative result. The sketch of this model is shown in
FIG. 2 (a).
In the mean field solution, we can compare the energies of
the s-wave and d-wave SC states. The self-consistent mean
field solutions for the d-wave SC states are given by[52]
∆x2−y2(k)
cos kx − cos ky =
∑
k′
−2J1
N
(cos k′x ± cos k′y)〈d1−k′,↓d1k′,↑〉
(8)
∆xy(k)
sin kx sin ky
=
∑
k′
−8J2
N
sin k′x sin k
′
y〈d2−k′,↓d2k′,↑〉. (9)
We take the band dispersion,
ξα = −2t1α(cos kx + cos ky)− 4t2α cos kx cos ky + µα − µ,(10)
where t1(2) indicates the NN (NNN) hopping and α = 1, 2,
corresponding the top and bottom layers. µα is the corre-
sponding on-site energy in each layer and µ is the chemi-
cal potential. Without the tunneling, in the mean field so-
lution shown in the Supplementary Materials, we find that
the dx2−y2 -wave and dxy-wave orders are favored on the top
and bottom layers respectively when the parameters are set as
t11 = 0.88, t
2
1 = −0.35, t12 = 1.67 , t22 = −0.33, µ1 = −0.4,
µ2 = −1.2 and µ = 0.
Turning on the layer tunneling and taking t = 0.4, the phase
diagram is plotted in the Fig. 2 (b) as the function of J1,2. The
lengths of the vectors in Fig. 2 (b) represent the strength of the
orders and the directions relate to the phases. As J1 and J2
increase, both d-wave orders become stronger and the relative
phase maintains to be ±pi/2. The imaginary and real parts of
the order parameter in the first layer are shown in Fig. 2 (c)
and (d). Clearly, the real part has dx2−y2 symmetry and the
imaginary part has dxy symmetry. The dxy order in the first
layer is induced through the proximity effect from the second
layer. This result is consistent with our previous analysis.
Topological analysis—Now we discuss the topological
properties of the above spontaneous TRB SCs. The state in
the i-junction can be topologically nontrivial for a d± id state
but trivial for an s± id state. To show this, we can analyze the
FIG. 3: (color online). The Berry curvature for different TRB orders
in the Hamiltonian (3) with parameters t11 = 0.88, t21 = −0.35,
t12 = 1.67 , t22 = −0.33, µ1 = −0.4, µ2 = −1.2, µ = 0, t = 0.4,
∆α = 0.8183, ∆β = 0.5562, θα = 0 and θβ = pi/2. (a), (b),
(c) and (d) represent d + is′, d + id′, d + is and d′ + is orders,
respectively. According to our analysis, the Berry field of d± is(s′)
belong toB2 IR, d′±is(s′) belong toB1 IR and only d+id′ belongs
to A1 IR. Only d± id′ in (b) shows a nonzero Chern number.
symmetry property of the Berry curvature. Starting from the
Hamiltonian (3) with θα = 0 and θβ = pi/2, the band disper-
sions α(k) and β(k) both belong to theA1 irreducible repre-
sentation (IR) ofC4v . We consider the σv symmetry operation
which maps k = (kx, ky)→ k˜ = (−kx, ky) or (kx,−ky). In
the s ± id state, if the tunneling term t(k) belongs to A1 or
B1 IR, the Hamiltonian is invariant under σv operation. If the
tunneling term t(k) belongs to B2 IR, under a σv operation,
the Hamiltonian becomes H˜(k˜), which can be expressed as
H˜(k˜) = τzH(k)τz . The corresponding eigenstate becomes
|u˜n(k˜)〉 = τz|un(k)〉. In both cases, considering the defini-
tion of Berry curvature
B(k) = i
∑
n∈occ
kxky 〈∂kxun(k)|∂kyun(k)〉, (11)
one can find that the Berry curvature changes sign under σv
operation so that the total Chern number is zero. But for the
d± id′ state, the Berry curvature is invariant under C4, σv and
σd operation. This means that the nonzero Chern number is
not forbidden by any symmetry operations. Thus, under some
suitable parameters, the system can be a topological d ± id
SC. This is clearly shown in FIG. 3.
The above conclusion can be numerically verified. We per-
form numerical calculation for the model in Eq. (7). We cal-
culate the topologically protected edge states in a stripe lattice
as shown in FIG. 4. The parameters in the calculation are
set to be J1 = 3.4, J2 = 3 in Eq. (7), and the correspond-
4FIG. 4: (color online). Edge states of d + id′ superconductivity in
the Hamiltonian (6), the parameter we choose is J1 = 3.4, J2 =
3, and the corresponding self-consistent mean field SC orders are
∆x2−y2 = 0.8183, ∆xy = 0.5562i. On the top panel is the band
structure with left edge state blue and right red. The bottom panel
are the corresponding distribution of edge states.
ing mean field SC orders strength are ∆x2−y2 = 0.8183,
∆xy = 0.5562i and ∆x2+y2 = ∆x2y2 = 0. Under these
parameters, there are four chiral modes on each edge, which
are corresponding to a Chern number equal to minus four, as
shown in FIG. 4.
Experimental signatures—There are three smoking-gun
signatures for the above topological d + id i-Josephson junc-
tion. The first one is the topologically protected edge state as
shown in FIG. 4. On the edge, one can use superconducting
quantum interference microscopies to detect spontaneously
generated supercurrents[23, 28, 53]. The second one is that
the Josephson frequency doubles the conventional one. For a
conventional Josephson junction, the Josephson frequency is
given by ω0 = 2eV0/h, where V0 is the applied external volt-
age on the junction. For the i-junction, the modified Josephson
equations are
I = I0 sin 2∆θ,
d∆θ
dt
= −2e
~
V0.
(12)
The AC Josephson current is I = I0 sin(2∆θ0 − 4eV0t/~).
The corresponding Josephson frequency is ωi = 2ω0 =
4eV0/h, which is twice of the ordinary Josephson frequency.
The third experimental signature is the magnetic field de-
pendence of the critical current. When a magnetic field B is
applied to a conventional Josephson junction with a length L
and the penetration depth W , the critical current is
Ic = j0
∣∣∣∣ sin(piΦ/Φ0)piΦ/Φ0
∣∣∣∣ , (13)
where Φ0 = h/2e, is the flux quantum and Φ = BWL. In
the i-Josephson junction, it is easy to show that
Ic = j0
∣∣∣∣ sin(2piΦ/Φ0)2piΦ/Φ0
∣∣∣∣ . (14)
The oscillation pattern is changed. Notice the last two experi-
mental signatures are valid for all i-Josephson junctions.
Engineering TSC—Previously, the TSCs have already
been proposed in p-wave superconductors[21], TI sur-
face states[29–31] and semiconductor nanowires[22, 32–37].
These proposals all focus on the 0d Majorana bound states,
not the 1d Majorana chiral edge states. Recently, the chiral
Majorana modes have been observed in the quantum anoma-
lous Hall insulator-superconductor structure[54]. Compared
to the previous work, the major advantage here is that TSC
and the corresponding chiral edge state can be realized with
conventional d-wave superconductors, such as cuprates, and
no external magnetic field[55] or topological non-trivial band
structures are needed. Thus, in principle, our method allows
TSC to operate at very high temperature because of the high
SC transition temperature of cuprates.
Recently, the advances in vdW heterostructure technology
provide an effective way to engineer the rotation angle be-
tween the two SC layers with a high accuracy[56, 57]. Fur-
thermore, the vdW junction is defect-free contacted and has a
strong proximity coupling[1, 2], which renders a larger value
of g in Eq. (1). Thus an explicit design of aTSC i-junction
is to align two identical d-wave superconductors along the z
direction with a relative pi/4 in-plane angle[58]. This design
can be implemented by recent rapid technological progress in
engineering heterostructures.
Engineering TRB state—The result also allows us to engi-
neer new exotic SC states with TRB, e.g. s+ id pairing state.
Superconductors with these type of pairing states have been
widely searched. However, success has been very limited. So
far, spontaneous TRB in SC states have been rarely observed.
The above physics can also be potentially realized in bulk
materials. For example, it has been theoretically suggested
that the FeAs layer, the building block in iron-based supercon-
ductors, and the CuO2 layer, the building block in cuprates,
can be hybridized to form a hybrid crystal[59]. Following our
results, in such a hybrid crystal, the time reversal symmetry
must be broken as FeAs[51, 60] and CuO2[48, 49] are known
to favor s-wave and d-wave pairing symmetries respectively.
The superconducting state in such a material must be s± id.
Applications— The i-Josephson junction can be used to de-
termine the pairing symmetry of an unknown superconductor.
This is based on the fact that the Josephson frequency will be
doubled if two SC layers have different pairing symmetries.
The i-Josephson junction can also be used to make a quantum
qubit because the free energy has two minima. It becomes a
natural two-level system to form a qubit. Other excited states
have much higher energy so that the two-level system is well
protected.
In summary, we have shown that the i-Josephson junction
is an inevitable result when a Josephson junction is formed by
two superconductors with different pairing symmetries. The
5Josephson frequency is doubled. A TSC with a d ± id pair-
ing symmetry can be achieved in this way. The result also
provides a method to design TRB s+ id superconductor.
Acknowledgement.—We thank useful discussions with X.X.
Wu and Yong P. Chen. The work is supported by the Min-
istry of Science and Technology of China 973 program (No.
2015CB921300, No. 2017YFA0303100), National Science
Foundation of China (Grant No. NSFC-1190020, 11534014,
11334012), the Strategic Priority Research Program of CAS
(Grant No.XDB07000000), and the Key Research Program of
the CAS(Grant No. XDPB08-1).
∗ Electronic address: jphu@iphy.ac.cn
[1] Yabuki, N.; Moriya, R.; Arai, M.; Sata, Y.; Morikawa, S.; Ma-
subuchi, S.; Machida, T. Nat. Commun. 2016, 7, 10616.
[2] Minsoo Kim, Geon-Hyoung Park, Jongyun Lee, Jae Hyeong
Lee, Jinho Park, Hyunwoo Lee, Gil-Ho Lee, and Hu-Jong Lee,
Nano Lett., 2017, 17 (10), pp 61256130
[3] A. A. Golubov, M. Yu. Kupriyanov, and E. Ilichev, Rev. Mod.
Phys. 76, 411 (2004)
[4] E. Goldobin, D. Koelle, R. Kleiner, and A. Buzdin, Phys. Rev.
B 76, 224523 (2007)
[5] H. Sickinger, A. Lipman, M. Weides, R. G. Mints, H. Kohlstedt,
D. Koelle, R. Kleiner, and E. Goldobin, Phys. Rev. Lett. 109,
107002 (2012)
[6] A. P. Mackenzie and Y. Maeno, Rev. Mod. Phys. 75, 657
(2003).
[7] G. M. Luke, Y. Fudamoto, K. M. Kojima, M. I. Larkin, J.
Merrin, B. Nachumi, Y. J. Uemura, Y. Maeno, Z. Q. Mao, Y.
Mori, H. Nakamura, and M. Sigrist, Nature(London). 394, 558
(1998).
[8] E. R. Schemm, R. E. Baumbach, P. H. Tobash, F. Ronning, E.
D. Bauer, and A. Kapitulnik, Phys. Rev. B 91, 140506 (2015).
[9] P. K. Biswas, H. Luetkens, T. Neupert, T. Sturzer, C. Baines, G.
Pascua, A. P. Schnyder, M. H. Fischer, J. Goryo, M. R. Lees, H.
Maeter, F. Bruckner, H.-H. Klauss, M. Nicklas, P. J. Baker, A.
D. Hillier, M. Sigrist, A. Amato, and D. Johrendt, Phys. Rev. B
87, 180503 (2013).
[10] X. Gong, M. Kargarian, A. Stern, D. Yue, H. Zhou, X. Jin, V.
M. Galitski, V. M. Yakovenko, and J. Xia, Sci Adv 3, 3 (2017).
[11] D.F. Agterberg, P.M.R. Brydon, and C. Timm, Phys. Rev. Lett.
118, 127001 (2017).
[12] Oscar Viyuela, Liang Fu, and Miguel Angel Martin-Delgado,
Phys. Rev. Lett. 120, 017001 (2018).
[13] G. M. Luke, A. Keren, L. P. Le, W. D. Wu, Y. J. Uemura, D. A.
Bonn, L. Taillefer, and J. D. Garrett, Phys. Rev. Lett. 71, 1466
(1993).
[14] Y. Aoki, A. Tsuchiya, T. Kanayama, S. R. Saha, H. Sugawara,
H. Sato, W. Higemoto, A. Koda, K. Ohishi, K. Nishiyama, and
R. Kadono, Phys. Rev. Lett. 91, 067003 (2003).
[15] A. Sharoni, O. Millo, A. Kohen, Y. Dagan, R. Beck, G.
Deutscher, and G. Koren Phys. Rev. B 65, 134526 (2002)
[16] Chetan Nayak, Steven H. Simon, Ady Stern, Michael Freed-
man, and Sankar Das Sarma, Rev. Mod. Phys. 80, 1083 (2008).
[17] Xiao-Liang Qi and Shou-Cheng Zhang, Rev. Mod. Phys. 83,
1057-1110 (2011).
[18] Ching-Kai Chiu, Jeffrey C.Y. Teo, Andreas P. Schnyder, and
Shinsei Ryu, Rev. Mod. Phys. 88, 035005 (2016).
[19] Jason Alicea, Rep. Prog. Phys. 75, 076501 (2012).
[20] N. Read, D. Green, Phys. Rev. B 61, 10267 (2000).
[21] A.Y. Kitaev, Phys. Usp. 44, 131 (2001).
[22] R.M. Lutchyn, J.D. Sau, and S. Das Sarma, Phys. Rev. Lett.
105, 077001 (2010).
[23] R. B. Laughlin, Phys. Rev. Lett. 80, 5188 (1998).
[24] Annica M. Black-Schaffer, Phys. Rev. Lett. 109, 197001
(2012).
[25] Feng Liu, Cheng-Cheng Liu, Kehui Wu, Fan Yang, and Yugui
Yao, Phys. Rev. Lett. 111, 066804 (2013).
[26] Andreas P Schnyder and Philip M R Brydon, J. Phys.: Condens.
Matter 27 (2015) 243201 (20pp)
[27] Shingo Yonezawa, AAPPS Bulletin, Vol.26, No.3, P.3 (2016)
[28] Annica M Black-Schaffer and Carsten Honerkamp, J. Phys.:
Condens. Matter 26 (2014) 423201 (25pp)
[29] Liang Fu and C. L. Kane, Phys. Rev. Lett. 100, 096407 (2008).
[30] Satoshi Sasaki, M. Kriener, Kouji Segawa, Keiji Yada, Yukio
Tanaka, Masatoshi Sato, and Yoichi Ando, Phys. Rev. Lett. 107,
217001 (2011).
[31] Hao-Hua Sun, Kai-Wen Zhang, Lun-Hui Hu, Chuang Li, Guan-
Yong Wang, Hai-Yang Ma, Zhu-An Xu, Chun-Lei Gao, Dan-
Dan Guan, Yao-Yi Li, Canhua Liu, Dong Qian, Yi Zhou, Liang
Fu, Shao-Chun Li, Fu-Chun Zhang, and Jin-Feng Jia, Phys.
Rev. Lett. 116, 257003 (2016).
[32] Y. Oreg, G. Refael, and F. von Oppen, Phys. Rev. Lett. 105,
177002 (2010).
[33] J. Alicea, Y. Oreg, G. Refael, F. von Oppen, and M.P.A. Fisher,
Nature Phys. 7, 412 (2011).
[34] V. Mourik, K. Zuo, S.M. Frolov, S.R. Plissard, E.P.A.M.
Bakkers, and L.P. Kouwenhoven, Science 336, 1003 (2012).
[35] A. Das,Y. Ronen,Y. Most,Y. Oreg, M. Heiblum, and H. Shtrik-
man, Nature Phys. 8, 887 (2012).
[36] M. T. Deng, C. L. Yu, G. Y. Huang, M. Larsson, P. Caroff, and
H. Q. Xu, Nano Lett. 12, 6414 (2012).
[37] L. P. Rokhinson, X. Liu, and J. K. Furdyna, Nat. Phys. 8, 795
(2012).
[38] A. M. Black-Schaffer and K. Le Hur, Phys. Rev. B 92,
140503(R) (2015)
[39] Yongjin Jiang, Dao-Xin Yao, Erica W. Carlson, Han-Dong
Chen, and JiangPing Hu, Phys. Rev. B 77 235420 (2008).
[40] Annica M. Black-Schaffer, Phys. Rev. B 88, 104506 (2013)
[41] Sandeep Pathak, Vijay B. Shenoy, and G. Baskaran, Phys. Rev.
B 81, 085431 (2010)
[42] R. Ganesh, G. Baskaran, Jeroen van den Brink, and Dmitry V.
Efremov Phys. Rev. Lett. 113, 177001 (2014)
[43] Baruch Horovitz and Anatoly Golub, Phys. Rev. B 68, 214503
(2003)
[44] J. E. Moore and D.-H. Lee, Phys. Rev. B 69, 104511 (2004)
[45] Yuriy Makhlin, Gerd Schon and Alexander Shnirman, Rev.
Mod. Phys. 73, 357 (2001).
[46] J. Q. You and Franco Nori, Physics Today. 58, 11, 42 (2005).
[47] See Supplementary Materials for details.
[48] D. J. Scalapino, Science 284, 1282 (1999)
[49] P. W. Anderson, P. A. Lee, M. Randeria, T. M. Rice, N. Trivedi,
and F. C. Zhang, J. Phys. Condens. Mattr. 16, R755 (2004).
[50] Gabriel Kotliar and Jialin Liu, Phys. Rev. B 38, 5142(R) (1988).
[51] Kangjun Seo, B. A. Bernevig, and Jiangping Hu, Phys. Rev.
Lett. 101, 206404 (2008).
[52] The mean field equations for the s-wave SC states driven by the
J1 and J2 are shown in the Supplementary Materials. Because
the two d-waves are favored in the FSs we chosen, and the mean
field results for the s-waves are much less than d-waves and
nearly zero, we only write down the mean field equations for
the d-waves in the main text.
[53] J. R. Kirtley, C. Kallin, C. W. Hicks, E.-A. Kim, Y. Liu, K. A.
6Moler, Y. Maeno, and K. D. Nelson, Phys. Rev. B 76, 014526
[54] Qing Lin He, Lei Pan, Alexander L. Stern, Edward Burks, Xi-
aoyu Che, Gen Yin, Jing Wang, Biao Lian, Quan Zhou, Eun
Sang Choi, Koichi Murata, Xufeng Kou, Tianxiao Nie, Qiming
Shao, Yabin Fan, Shou-Cheng Zhang, Kai Liu, Jing Xia, Kang
L. Wang, Science 357, 294299 (2017)
[55] Jay D. Sau, Roman M. Lutchyn, Sumanta Tewari, and S. Das
Sarma, Phys. Rev. Lett. 104, 040502 (2010)
[56] Kyounghwan Kim, Matthew Yankowitz, Babak Fallahazad,
Sangwoo Kang, Hema C. P. Movva, Shengqiang Huang, Ste-
fano Larentis, Chris M. Corbet, Takashi Taniguchi, Kenji
Watanabe, Sanjay K. Banerjee, Brian J. LeRoy, and Emanuel
Tutuc, Nano Lett., 2016, 16 (3), pp 19891995
[57] Yuan Cao, Valla Fatemi, Shiang Fang, Kenji Watanabe, Takashi
Taniguchi, Efthimios Kaxiras, Pablo Jarillo-Herrero, Nature
volume 556, pages 4350 (05 April 2018)
[58] The sensitivity of the relative phase with the respect to the rota-
tion angle is discussed in the Supplementary Materials.
[59] Xia Dai, Congcong Le, Xianxin Wu, Jiangping Hu, Chin. Phys.
B 25, 077402 (2016).
[60] Chen Fang, Yang-Le Wu, Ronny Thomale, B. A. Bernevig, and
Jiangping Hu, Phys. Rev X 1, 011009 (2011)
